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Abstract
We have observed β−-delayed proton emission from the neutron-rich nucleus 11Be by analysing a sample
collected at the ISOLDE facility at CERN with accelerator mass spectrometry (AMS). With a branching
ratio of (8.4± 0.6) · 10−6 the strength of this decay mode, as measured by the BGT -value, is unexpectedly
high. The result is discussed within a simple single-particle model and could be interpreted as a quasi-free
decay of the 11Be halo neutron into a single-proton state.
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1. Introduction
Beta-minus decay and proton emission take a nu-
cleus in almost opposite directions on a nuclear
chart, so β−-delayed proton emission (where beta
decay feeds excited states that subsequently emit a
proton) is forbidden in all but a few nuclei where it
is heavily suppressed as the available energy is [1]
Qβp = 782 keV− Sn where Sn is the neutron sepa-
ration energy of the nucleus. We describe here an
experiment to detect this decay mode from the one-
neutron halo nucleus 11Be that is believed to be the
most favourable case [2, 3] due to the single-particle
behaviour of halo nuclei [4, 5, 6] that may favour
this decay mode and due also to the relatively long
halflife that is caused by the normal beta-decay of
11Be being hindered since a level inversion gives it
a 1/2+ ground state rather than a 1/2−.
Beta-delayed particle emission is in general a
prominent decay mode for nuclei close to the
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dripline, see [7, 8] for recent reviews. The energeti-
cally open channels for 11Be are βα, βt, βp and βn
with corresponding Q-values of [9] 2845.2±0.2 keV,
285.7±0.2 keV, 280.7±0.3 keV and 55.1±0.5 keV.
The low decay energy implies that the branching
ratio for beta-delayed proton emission is low, typi-
cal estimates are slightly above 10−8 [3]. To detect
the process experimentally, it is therefore essential
to keep contaminants at a very low level.
The βp decay mode may be expected prefer-
entially in one-neutron halo nuclei, partly due to
the requirement of low neutron separation energy,
partly due to the more pronounced single-particle
behaviour of halo nuclei. Two-neutron halo nuclei
are in a similar way candidates for beta-delayed
deuteron emission, which has so far been observed
only in the nuclei 6He and 11Li [7, 10]. For 11Li
the decay has a branching ratio of order 10−4, the
low value again caused by a small energy window,
whereas cancellation effects reduces the branching
ratio for 6He down to the 10−6 level. It may be
more useful to consider the standard measure for
the strength of a decay, the reduced matrix element
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squared BGT , that is found from the relation [7]
ft =
K
g2VBF + g
2
ABGT
(1)
where f is the beta-decay phase space, K/g2V =
6144.2 ± 1.6 s and gA/gV = −1.2694 ± 0.0028.
Converting the observed spectra for beta-delayed
deuteron emission from the two-neutron halo nu-
clei 6He [11] and 11Li [12] gives total BGT values
within the observed energy range of about 0.0016
and 0.75. (Note, however, that the 6He decay to the
6Li ground state has been described as an effective
di-neutron to deuteron decay, it is a super-allowed
transition with a BGT of 4.7. This may be a re-
flection of a general trend for super-allowed decays
to occur in very neutron-rich nuclei [13].) For com-
parison, the sum of BGT for all currently known
transitions in the 11Be decay is 0.27.
2. The experiment
2.1. General remarks
The radioactive 11Be nuclei were produced at the
ISOLDE facility at CERN. Searching for protons
with a kinetic energy of a few hundred keV with rel-
ative intensity 10−8 is challenging in a radioactive
beam environment, so we instead detect the decay
product, 10Be with a halflife of 1.5 · 106 y, that ex-
ists only in minute quantities on earth. To reach the
needed sensitivity we must employ state-of-the-art
AMS. It is also crucial to limit the amount of con-
taminants in the samples so sample collection took
place at ISOLDE’s high-resolution mass separator.
The resolution from the magnetic separation stage
is supplemented by the electrostatic beam transport
at ISOLDE similar to, but at lower resolution than,
the separation stages in AMS facilities. A first at-
tempt was made in 2001 and the results were pub-
lished recently [3]. The signal was not sufficiently
strong to be clearly separated from background and
gave a βp branching ratio of (2.5± 2.5) · 10−6, sig-
nificantly above the published theoretical expecta-
tions. Due to improvements both in production of
11Be and AMS detection of 10Be, the current collec-
tion was performed in December 2012 and resulted
in three samples.
2.2. Sample collection
The 11Be activity was produced by bombarding
a UC target with 1.4 GeV protons. The products
were ionized in a laser ion source, which provided
element selectivity, mass separated in the ISOLDE
high-resolution separator, and guided through sev-
eral collimators to the collection point where they
were implanted at 60 keV in a small copper plate
(15×20×2 mm). A high-purity coaxial Ge-detector
placed 40 cm downstream behind a lead shield-
ing monitored the collection rate. The Ge-detector
was energy and efficiency calibrated with standard
sources of 60Co, 152Eu and 228Th. The main lines in
the γ spectrum recorded during 11Be collection are
the 2124 keV line from the decay of 11Be and the
511 keV line from positron annihilation. The overall
efficiency at 2124 keV is found to be (2.0±0.2)·10−5.
A second line from the decay at 2895 keV was also
used to check the overall amount of 11Be. The two
determinations gave about the same precision, the
one from the 2124 keV line being dominated by sys-
tematic uncertainties in the efficiency and the one
from the 2895 keV being dominated by statistical
uncertainties, and were internally consistent leading
to a final value for the amount of collected 11Be in
the main sample (S1) of (1.447± 0.055) · 1012. This
includes a correction for dead time of 2.8%, deter-
mined from the ratio of accepted to total number
of triggers.
As cross-checks two other samples were collected:
sample S2 at the mass position of 11Li (0.02 mass
units heavier than 11Be) where an upper limit of
3 ·106 could be determined for the number of atoms
collected (corresponding to a 11Li yield below 625/s
which is reasonable) and, for one second only, sam-
ple S3 at the 10Be mass position where an estimate
of the current of 3.5 pA (uncertain by a factor two)
converts into 2.2 · 107 atoms. According to SRIM
calculations [14] about 6% of all Be ions implanted
in Cu at 60 keV energy will backscatter out of the
sample. Most of the backscattered ions are ex-
pected to remain close to the sample so γ-rays from
their decays will be seen as well, although the decay
products are not retained in the sample. This gives
a correction which we estimate to be 4± 4%.
2.3. Accelerator mass spectrometry
The 10Be accelerator mass spectrometry (AMS)
measurements were performed at the Vienna En-
vironmental Research Accelerator (VERA) at the
University of Vienna. VERA is a dedicated AMS
facility based on a NEC 3 MV pelletron tandem ac-
celerator. A new scheme for 10Be using a passive
foil absorber in front of a gas ionization chamber
detector was employed. In this way the detection
efficiency for 10Be atoms is increased significantly.
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According to TRIM simulations [14] the max-
imum implantation depth of 11Be in our copper
plate catcher was below 1 µm. To reduce the
amount of material to be dissolved only the surface
layer of each irradiated copper plate was leached
in nitric acid. A second leaching was performed to
verify the blank level of the irradiated copper plate.
The second leaching of sample S3 did not produce
enough BeO for a measurement. For samples S1
and S2 the values of the second leachings were con-
sistent with a blank sample. This shows that the
material was sitting in the surface, as expected for
an implanted sample, and not due to a bulk con-
tamination. An amount of 359 µg (uncertainty 3%)
9Be carrier was added to the solution to reach a
10Be/9Be isotopic ratio in the range of 10−16–10−11.
In the next step the solution was treated with am-
monium hydroxide to precipitate the beryllium as
beryllium hydroxide (Be(OH)2). The dissolved cop-
per remains in the solution in this step. The beryl-
lium hydroxide was dried out by heating in an oven
at 900◦C for at least 8 hours forming beryllium ox-
ide (BeO). The BeO powder was mixed 1:1 with
high purity copper powder and pressed into sample
holders and mounted together with standard and
blank material in a MC-SNICS type Cesium sput-
ter ion source. Blank is the pure phenakite material
directly pressed into a sample holder. A separate
sample, S-blank, went through the chemistry prepa-
ration to check for the amount of 10Be introduced
during the chemical sample preparation. BeO− was
extracted from the ion source and stripped in the
terminal of the tandem accelerator to Be2+, result-
ing in a total ion energy of 2.4 MeV. After further
mass separation by a sector magnetic analyzer and
an electrostatic analyzer the remaining particles are
sent to a gas ionization chamber detector with a
two-split anode for particle identification. A silicon
nitride foil stack as a passive absorber was installed
in front of the detector. This foil stack prevents
the isobaric background 10B from entering into the
detector: The energy loss of boron in the foil stack
is slightly larger compared to beryllium. By select-
ing the right foil thickness and carefully tuning the
particle energy the boron ions are stopped in the
foil stack whereas the beryllium ions can enter the
detector.
The final results are given in table 1. The amount
of atoms in sample S3 agrees with the estimation
from the implantation current. The number for
sample S2 is consistent with the lack of observed γ-
rays from the decay of 11Li. The number for sample
Table 1: Results of the AMS measurement. S1 to S3 denote
the irradiated samples. 1st and 2nd correspond to the first
or second leaching. Blank and S-blank are control samples
without activity.
Sample 10Be/9Be ratio 10Be atoms
S1-1st (4.87± 0.13) · 10−13 (1.17± 0.05) · 107
S1-2nd (1.26± 0.56) · 10−15 (3.03± 1.35) · 104
S2-1st (3.10± 0.94) · 10−15 (7.45± 2.27) · 104
S2-2nd (4.4± 3.1) · 10−16 (1.06± 0.75) · 104
S3-1st (1.54± 0.03) · 10−12 (3.70± 0.13) · 107
S-blank (4.9± 3.4) · 10−16 (1.18± 0.82) · 104
blank (1.3± 1.3) · 10−16 (3.12± 3.12) · 103
S1, the 11Be sample, is (1.170± 0.047) · 107.
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Figure 1: Mass scan of the ISOLDE high-resolution separa-
tor across the 11Be position. The beta activity measured is
shown versus the mass with positions indicated for 11Be and
the possible contaminant 11Li. The horizontal line marks
the detection limit of 0.2/s.
2.4. Possible contaminants
Contaminations in our sample might arise due
to tails of the neighbouring activities 10Be or 11Li,
whose decay also produces 10Be. Both possibilities
are ruled out by the low recorded number of atoms
for the 11Li sample (S2). The ISOLDE mass separa-
tor profile was found by measuring the beta activity
as the mass settings were changed around the nom-
inal 11Be mass, see figure 1. The release function
of this specific target and ion source combination
was measured first, which allows to combine mea-
surements with different collection times relative to
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proton impact on target. In this way the sensitiv-
ity was increased and the activity could be followed
down to the 10−5 level that occured at a mass dif-
ference of 0.05 mass units. The only remaining way
for 10Be to appear on the 11Be position is as the
molecule 10Be1H, but this molecule is unlikely to
be formed in the target and to survive through the
laser ion source since its ionization energy of 8.22
eV [15] is much higher than its dissociation energy
of 3.26 eV. Nevertheless, we have re-checked the
data from an earlier experiment on 12Be [16] and
were able to put limits on the amount of 11Be1H
(from the βα branch) that would correspond in our
current case to a 10Be1H intensity less than 2 ·10−6
of 11Be. Our conditions should be better, partly
due to higher laser ionization power, partly due to
the beam passing through a gas-filled RFQ cooler,
both effects that would enhance molecular break-
up. We therefore conclude that we have observed
the 11Be(βp) decay via detection of the final nu-
cleus 10Be. The observed intensity converts to a
branching ratio of (8.4± 0.6) · 10−6.
3. Discussion
The experimentally found branching ratio is sur-
prisingly large, but consistent with the outcome of
the first experiment. If the strength in 11Be(βp)
was as broadly distributed as in 11Li(βd) we would
expect the BGT within the Q-window to be less
than 0.1, which would not be sufficient to explain
the decay rate. We therefore turn to a simple model
for the decay along the lines of the direct decay cal-
culations in [2, 17], details of the calculations are
reported elsewhere [18].
The basic assumption is that the beta decay
proceeds as an essentially detached decay of the
halo neutron into a proton. The initial and fi-
nal state wavefunctions are calculated as single-
particle states in square-well or Woods-Saxon po-
tentials with the final state spectrum discretized by
imposing a large confining radius at 1000 fm. The
overlap of the wavefunctions gives the beta strength
BGT and the decay rate is found from equation (1).
The final total branching ratio for beta-delayed pro-
ton emission depends strongly on the strength of
the potential between the final state proton and
10Be. For most potential strengths the branching
ratio will indeed be a few times 10−8, as in other cal-
culations, but in a limited range the beta strength
will be concentrated within the Q-window. Effec-
tively, in this range the proton formed in the de-
cay interacts strongly with the remaining 10Be and
forms a resonance-like structure; as a consequence
it emerges with a quite well defined energy. The
branching ratios obtained for this set of parameters
are shown in figure 2 as a function of the energy of
the resonance.
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Figure 2: The calculated branching ratio for decay into
p+10Be is shown as a function of the centre-of-mass en-
ergy of the resonance. The stars mark results of calculations
with square well potentials, the filled circles are results from
Woods-Saxon potentials. The curves arise from integrating
the R-matrix expression in equation (2) for different widths
for other decay channels. The horizontal band indicates the
experimentally found branching ratio.
The simple model neglects isospin. The lowest
T = 3/2 states are situated slightly more than 1
MeV above the Qβp window. They are members
of isospin multiplets that include the 11Be ground
state and first excited state neutron halos. The
data indicate [19] that the intermediate states (|Tz|
of 1/2) in these multiplets have good total isospin
rather than a composition with just one proton (or
neutron) plus core. We therefore expect that re-
alistic final state wave functions in our case, with
T = 1/2, also should have good isospin. Standard
isospin coupling then predicts that the state should
be proton plus 10Be with weight 2/3 and neutron
plus 10B(T=1) with weight 1/3. Our calculated de-
cay probabilities must therefore be corrected by a
factor 2/3. A further reduction factor about 0.7
is due to the initial 11Be wavefunction containing
several configurations [20]. The overall scaling fac-
tor on the theory, included in figure 2, is therefore
about 0.5.
Could this be an established resonance in 11B ?
4
The known states [21] in this region mainly cou-
ple to the α-particle channel (with partial widths
around 100 keV) and only one, a state at 11450±17
keV, may have spin-parity that allows emission of
an s-wave proton — the others will have angular
momentum barriers that will suppress proton emis-
sion. Decays through levels that have other sizeable
decay channels (α emission or, for very narrow lev-
els, γ emission; in principle triton emission could
also occur) would therefore only contribute to the
proton channel with probability Γp/Γtot. Since Γγ
for the 1/2+, T = 3/2 state at 12.55 MeV (that
apart from isospin should be similar in structure to
our state) is about 10 eV [21], and even a small ad-
mixture into our state of other 1/2+ levels is likely
to give a Γα at least of the same magnitude, we
shall assume the width for other decay channels
Γb = Γγ + Γα to be larger than 0.01 keV.
To take these effects into account calculations
were also made within the R-matrix approach [22],
but in a simplified version where e.g. other decay
channels are approximated as having a constant
width Γα over the energy window, see [18] for de-
tails. Converting the decay rate into a differential
branching ratio gives the following expression:
db
dE
= t1/2
g2A
K
BGTΓp/2pi
(Eres − E)2 + Γ2tot/4
f(Q−E) , (2)
where Γtot = Γb+Γp, Γp = 2Pγ
2, P is the standard
(energy-dependent) penetrability factor and γ2 the
maximal reduced width. Integration over the Q-
window gives the total branching ratios shown in
figure 2 as a function of resonance position Eres for
different values of Γb. The branching ratios agree
well with the ones from the simple model. It is
clear that all known levels are too wide to fit and
that a Γb above 0.01 keV gives a lower limit on the
BGT of about 0.3 with an upper limit given by the
theoretical maximum of 3.
4. Conclusion
We have observed beta-delayed proton emission
for the first time in a neutron-rich nucleus. The
unexpectedly high decay rate can only be under-
stood within current theory if the decay proceeds
through a new single-particle resonance in 11B that
is strongly fed in beta-decay. The BGT -value could
be as high as that of a free neutron decay. A natu-
ral interpretation would be peripheral beta decay
of the halo neutron in 11Be into a single-proton
state. This appears to be a simpler process than
the βd decays of the two-neutron halo nuclei 6He
and 11Li. Although the halo structure must be im-
portant for the βp decay mode, the large value of
BGT may be related to large values found in other
(non-halo) near-dripline nuclei [13] and point to a
more widespread change of beta-decay patterns at
least in light nuclei in line with some predictions
[23].
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